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Abstract: Under unbalanced grid voltage faults, the output power oscillation of a grid-connected
inverter is an urgent problem to be solved. In the traditional topology of inverters, it is impossible
to eliminate power oscillation and simultaneously maintain balanced output current waveform. In
this paper, considering the solvability of reference current matrix equation, the inherent mechanism
of inverter output power oscillation is analyzed, and a modified topology with auxiliary modules
inserted in series between the inverter output filter and the point of common coupling (PCC) is
proposed. Due to the extra controllable freedoms provided by auxiliary modules, the inverter
could generate extra voltage to correct PCC voltage while keeping balance of output current, so as to
eliminate the oscillation of output power. Simulation and experimental results verify the effectiveness
of the proposed topology.

Keywords: modified gird-connected inverter topology; negative-sequence component; power
oscillation; unbalanced grid voltage fault

1. Introduction

The grid-connected inverter is the vital interface module for distributed generation
(DG) systems, including wind power generation, photovoltaic power generation, to be
connected to the grid. It can directly determine the value and direction of current and
power and is crucial for the safe operation of the grid [1,2]. Small and medium-sized DG
systems are often connected to the grid through the power distribution network. However,
due to the abnormal weather conditions, large load switching on—off, insulation failure,
human error and so on, voltage faults often occur in the power distribution network. Most
of voltage faults can be attributed to the asymmetric faults of grid voltage, for example, the
unbalanced voltage fault caused by single-phase grounding is a representative type [3]. In
the case of asymmetric faults, the grid-connected inverter is required to have the low voltage
ride through (LVRT) capability so as to avoid the chain reaction of DGs disconnection with
the grid [4,5]. When the voltage at the point of common coupling (PCC) drops, grid code
requires the inverter to keep connecting with the grid for a certain period of time [3]. At the
same time, the grid-connected inverter should have the power transmission capacity under
abnormal voltage at PCC [1,6]. Under unbalanced PCC voltage, the traditional current
closed-loop control strategy which only controls positive-sequence current in essence will
cause output power oscillation so as to enlarge the voltage ripple of DC side bus and
damage the output current quality [6-9]. To enhance the performance of inverters, it is
necessary to eliminate the output power oscillation of grid-connected inverters under
unbalanced PCC voltage.

At present, the main methods to eliminate the output power oscillation of grid-
connected inverter under unbalanced grid voltage can be divided into two categories: the
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first type is to improve the control strategy; the second one is to change the topology of the
inverter. In [6,10,11], different proportions of negative-sequence current is added to the
current reference to decrease power oscillation. The main problem is that the output current
has difficulty meeting the requirements of grid codes, and there may be risk of current
overrun. In [12,13], the power reference is modified by considering the upper current limit
value of switch tube to guarantee that the output current will not exceed the maximum
allowable value. However, the waveform of the output current is seriously distorted. A
positive and negative-sequence conductance and susceptance control scheme is proposed
in [14]. By optimizing the value of negative-sequence conductance, the peak value of the
output current can be controlled, but the power oscillation is not effectively reduced. The
second type of strategy is to eliminate the power oscillation by changing the topology of
the inverter. In [15], a three-phase four-wire system with zero-sequence current channel is
proposed. The introduction of zero-sequence current increases the controllable quantity of
the system, which is conducive to eliminating power oscillation and improving current
quality. Nevertheless, the power oscillation still exists when adopting the current closed-
loop control strategy. In one word, the reference current matrix equation of grid-connected
inverter in the topologies mentioned above cannot meet the solvability condition, which is
the essential reason that the power oscillation could not be eliminated while the current
waveform is balanced.

In this paper, a modified grid-connected inverter topology with auxiliary modules
inserted in series between PCC and the output filter of each phase is proposed, which could
increase the controllable freedoms of reference current equation of inverter so as to make
the reference current equation of the inverter meet the solvability condition. Then, the
oscillation of the output power is eliminated, and the negative-sequence current is avoided
to be injected into power grid simultaneously. The simulation and experimental results are
presented to verify the effectiveness of the modified topology.

2. Relationship between Power Oscillation and Grid Voltage in Traditional Topology

Typical grid voltage faults can be divided into seven categories [16], most of them
are asymmetric faults. Unbalanced voltage fault caused by single-phase grounding is a
representative one [3]. The unbalanced voltage at PCC will cause the oscillation of output
power and the distortion of output current, which will affect the safe operation of the
grid-connected inverters [11].

2.1. Relationship among Output Current, Power Oscillation and Unbalanced Voltage

The traditional control strategy of grid-connected inverters under unbalanced grid
voltage can be summarized as a unified control strategy [10,11,17], which uses different
values of adjustment coefficient (—1 < k < 1) to reflect different control strategies, as
shown in Table 1. No matter what control strategy is used, it is always difficult to achieve
the optimal output current and power at the same time. A quantitative numerical analysis
is given as follows.

Table 1. Output effect under different adjustment coefficient k.

Characteristics
k Control Strategy Oscillation Cancellation
Current Quality
Active Power Reactive Power
1 Average Active Reactive Control X Vv X
0 Balanced Positive Sequence Control X X v
-1 Positive Negative Sequence Control vV X X

Other value

Trade-off between power oscillation cancellation and current quality
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(1). Numerical analysis of output current

Since there is no zero-sequence current component channel in the three-phase three-
wire power distribution network, the voltage at PCC and output current can be expressed

in Equation (1):
sin(wt 4 6yp) sin(wt 4 Oy ) sin(wt + 6p) |
=U"| sin(wt+ 0y, —120°) | + U | sin(wt + 0, +120°) | +U°| sin(wt + ) (1)
sin(wt + 6,y +120°) sin(wt + 6y, — 120°) sin(wt + 6y) |
i sin(wt + 6;,) sin(wt + 0;y,) |
iy | =1I"| sin(wt+6;, —120°) | + 1 | sin(wt+ 6;, +120°) )
ic sin(wt + 0;, +120°) sin(wt + 0;, — 120°) |

where U, U~ and U are the amplitudes of positive, negative and zero-sequence com-
ponents of the voltage, I* and I~ are the amplitudes of positive and negative-sequence
components of output current, 8, 8, and 6 are the initial phase angles of positive, nega-
tive and zero-seqence components of the voltage, 6;, and 0;, are the initial phase angles of
positive, negative-sequence component of output current and w is the angular frequency
of the voltage, respectively.

When the three-phase inverter is connected to the grid, the current reference value is
shown in Equations (3) and (4) [12].

2 p* - — si
I STTRTP (U sin(wt + 0p) 4+ kU™ sin(wt + 0oy )|
Q*

(©)]
3 @y |

—Ut cos(wt + byp) — kU™ cos(wt + Oon) |

I*

B = %Pi*z [—UT cos(wt + 0yp) + kU™ cos(wt + Oy, ]

(U+)*+k(U~)

+%<u+>£w [—U" sin(wt + 0yp) + kU™ sin(wt + Opp) |

4)

where P* and Q* are the reference values of active power and reactive power, respectively.
After transformation to abc coordinate system, Equations (5)—(7) are obtained,

2
L= VA2 + (kA2)? + 2kAy Az c08(8up — Oun — 20) - sin(ct + ) 5)

2 o .
= g\/A% + (kAp)? +2kA1 Ay 08 (Opp — Ovy — 20 — 240°) - sin(wt + ¢y) (6)

2 —~
=3 VA2 + (kA2) 42k A1 Ag c08(8up — un — 26 +240°) -sin(wt + ) (7)

-
-

¥, = arctan

where,

Pu+
(U+)* 4+ k(U~)?
Q[ +k(u- |
p [(u+)2 - k(ufﬂ

Qru+
(Uu+)? —k(u-)>?

0 = arctan

2
P*u-

(U*)* +k(U~)?
Ay sin(fyp — 6) + kA sin(0y, — 9)
Aq COS(QUP 8) + kAs cos(0y, — )
)
)

Q*U-
(Uu+)> —k(u-)>

(
Ay sin(fyp — 6 —120°) + kA sin(6y, — 6 +120°)
Aq cos(Byp — 6 —120°) 4 kA cos(0py — 6 +120°)

1, = arctan
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Ay sin(fyp — 6 +120°) 4 kA sin(0y, — 6 — 120°)

= t .
P = A oS (Bop — 0 + 120°) + kA7 c0s(fon — 0 — 120°)

When three-phase inverter is in grid-connected operation state, the current closed-loop
control strategy is often used [8], so the output current could accurately track the reference
value. The maximum value of output current is given as Equation (8):

Imax = max{g\/A% + (kA2)2 +2kA1 A cos(0y — 6, —20),

g\/ A2+ (kA2)? + 2kAy Ay cos(6, — 0, — 25 — 240°), ®)

%\/A% + (kA2)2 +2kA1Aj cos (0, — 6, — 26 +240°) }

It can be seen from Equations (5)—-(7) that the amplitudes and phase angles of three-
phase currents are related to the amplitudes of positive and negative-sequence voltages,
initial phase angles of positive and negative-sequence voltages, power reference value
and adjustment coefficient k. To ensure that the output current of grid-connected inverters
meets the grid codes [18,19], the only way is to set the adjustment coefficient k as 0, which
means to use the balanced positive sequence control (BPSC) strategy [20].

According to Equation (8), when the parameters of Table 2 are adopted, the rela-
tionship between the maximum value of output current amplitude and the adjustment
coefficient k is shown in Figure 1. When k changes from —1 to 1, the maximum value
of output current amplitude decreases firstly and then increases, and the BPSC control
method, which means k as 0, can ensure that the current stress of the inverter is minimum
under the same power.

(2). Analysis of power oscillation

According to the instantaneous power theory, the active power and reactive power
can be expressed as Equations (9) and (10):

p = ua[Arsin(wt + 0yp — 8) + kAz sin(wt + 6oy — 0)]

9
+%M/3[—A1 cos(wt + byp — 6) + kAz cos(wt + by — 6)] ©)

q = —3uy[—Aj cos(wt + 0y — 6) + kAs cos(wt + Oy — 5)]

3 : . (10)
+3ug [Aq sin(wt + 0y — 8) + kAp sin(wt + Oy — 6)]

where 1, and ug are the af axis components of the PCC voltage, respectively.
When expanding Equations (9) and (10), the quadratic term is the fluctuating power,
as shown in Equations (11) and (12):

Ap =—-(1+k >UTU™ cos(2wt + Oup + Oon)

) ——t——
(U+)>+k(U-)

. . (11)
—(1+ k)(uﬂgwllﬂl’ sin(2wt + Oyp + Oon)
Ag =(1— k)Wu+ U~ sin(2wt + Oyp + Oon) )
—(1- k)%um— c0s(20wt + Oyp + Oon ).

When the parameters shown in Table 2 are adopted, the relationship between the
power oscillation value and the adjustment coefficient k is shown in Figure 2. When k
changes from —1 to 1, the oscillation value of output power can reach 0.4 p.u. at most. The
change trend of active power oscillation value is just opposite to that of reactive power
oscillation value. It is impossible to make active power oscillation value and reactive
power oscillation value minimal at the same time by changing k. When BPSC is used, the
oscillation value of active power and reactive power can reach 0.2 p.u., which means that
the oscillation of output power is not eliminated.
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Table 2. Operating parameters of main circuit used in simulations.

Adjustment coefficient k

Symbol Description Value (p.u.)
V, Amplitude value of A-phase voltage 220v/2 V (1pu)
Vy Amplitude value of B-phase voltage 110v2 V (0.5p.u.)
Ve Amplitude value of C-phase voltage 22012 V (1pu)
Py Output power 10 kW (1 p.u.)
fo Fundamental frequency 50 Hz
fow Operating frequency 10 kHz
Ly Output inductor 0.044 p.u.
Ve DC voltage 700 V
ky Proportional coefficient 2.0
k; Integral coefficient 1.0
16
’5 15
S 14t
= L
E 3¢
12t
-1 0 0.5 1

Figure 1. Maximum value of output current amplitude varying with the adjustment coefficient.

Power oscillation (p.u.)

o
o

o
~

©
[N

o

Reactive power

Active power

|
[HN

0 0.5 1

Adjustement coefficient k

Figure 2. Oscillation value of output power varying with the adjustment coefficient.

The variation of k represents different control strategies. The power oscillation cannot
be eliminated by just changing the control strategy when the topology is not optimized.
The next section will give a strict theoretical proof.

2.2. Deficiency of Traditional Inverter Topology

After Clark transformation, Equation (1) can be written as Equation (13):

where

u
}—2[1% _égl uz —

Ut sin(wt + 0yp) Uy |
—U™ cos(wt + byp) g |

ul +uy

+
u/3 +u/3

(13)

U~ sin(wt + 0y,)
U~ cos(wt + Bpn)
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Three-phase output currents can be written as Equation (14):

- 1 1 i R
lzx] 2[1 ) ) ] . Iy 1,
Lip ] 3o @ 2|} ‘s Tlp
where )
i | _ [ I'sin(wt+6;,) iy | [ I sin(wt+6;,)
i;{ | | —I" cos(wt +6;,) ig | | I cos(wt+0iy)
The instantaneous output power is given as Equation (15):
p | _ | valatuvgip | _ [ Po+Peacos(2wt) + Py sin(2wt) (15)
q sziﬁ - Uﬁitx Qo + Qe2 COS(ZWt) + Qs Sin(Z(‘Jt)

where Py is the DC component value of active power, P, and Py, are the coefficients of
cosine and sinusoidal terms for the second oscillation value of active power, Qp is the
DC component value of reactive power, Q, and Qs are the coefficients of cosine and
sinusoidal terms for the second oscillation value of reactive power.

Py, Pc2, Psz, Qo, Qe2 and Qs can be expressed by matrix as Equation (16):

+ ot -

Py Ug q vy U

Qo e e

Po | _ | —v5 -7 vy —ouf i 16)
P, v, vy of —v; iy

Q2 T PR N i

Qs L v vy —vy —uf |

+ —
q q
uy, ulg ; i;{, i; are the dg axis components of i, ig iy, iq_ are the dg axis components of i,

where v;, v are the dg axis components of u;, u; ; v, , v, are the dq axis components of

i, after Park transformation, respectively.
When the output current meets the grid codes [18,19], the negative-sequence current
should be set as zero, then Equation (16) will be changed into Equation (17):

Py o v ]

Qo Cr

Po l | 7% % { i ] . (17)
P, vy vy i

Qe vy vy

Qs2 L vy vy

In Equation (16), the rank of the coefficient matrix is 4, the rank of the augmented
matrix is 5. The rank of the coefficient matrix is not equal to the rank of the augmented
matrix, so Equation (16) has no solution. This is the reason why the control strategy
in [10-14] has difficulty eliminating the power oscillation.

In Equation (17), the rank of the coefficient matrix is 2, the rank of the augmented
matrix is 3. The rank of the coefficient matrix is not equal to the rank of the augmented
matrix, so Equation (17) has no solution. This is the reason why the BPSC control strategy
has difficulty eliminating power oscillation for the traditional topology.

In the same way, it can be found that after adding a zero-sequence component in [15],
Equation (17) becomes:
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PO vd q vRe UIm

Qo v,‘{ —v} 0 0 i

Po | _ | —v4 —vg 0%, =0 i (18)
Psp —Ug I U?m - Z)l(']{e i(I){e

Qe —vy vy 0 0 i

Qs2 R 0 0 |

where 09, 00 are the real and imaginary components of zero-sequence voltage at PCC, 1%,
i) are the real and imaginary components of zero-sequence output current, the detailed
definition refers to [15].

In (18), the rank of the coefficient matrix is 4, the rank of the augmented matrix
is 5. The rank of the coefficient matrix is not equal to the rank of the augmented matrix,
so Equation (18) has no solution. This is the reason why the BPSC control strategy has
difficulty eliminating power oscillation for three-phase four-wire inverter in [15].

3. Principle and Advantages of Modified Topology for Grid-Connected Inverter

According to the discussion in Section 2, the reason why the traditional topology
is incapable of eliminating the power oscillation is that the number of controllable free
variables is small, which leads to the mismatch between the order of the current reference
coefficient matrix and the order of the augmented matrix. From the point of view on
hardware, the number of controllable variables in the current reference equation can be
increased by changing the topology structure, so that the equation can meet the solvability
conditions.

3.1. Modified Topology of Grid-Connected Inverters
The proposed topology of grid-connected inverter is shown in Figure 3. The auxiliary
modules are inserted in series between the output filter of inverter (the points a1, by and ¢;
in Figure 3a) and PCC (the points a;, b, and c; in Figure 3a).
PCC, AVa PCC v a

a —
! [ auxiliary a, S Lo

module
+ Av, v
V, —| B auxiliary B, b
de Filter 1' module |—0— Caa
G \.Ic. C Ve
auxiliary 2
module a
2

(@) ()

Figure 3. Structure block diagram of the modified topology of grid-connected inverter: (a) general
system diagram. (b) Auxiliary module block diagram.

The three-phase auxiliary modules are independent of each other and can be separately
controlled. Figure 3b shows the detailed internal block diagram of the auxiliary module
which is essentially a single-phase inverter. L,qq4 and C,q4 constitute the output filter circuit
of the auxiliary module to filter the switching subharmonics in the circuit. R,4q is the
damping resistance of the output filter circuit to prevent the possible oscillation of the LC
filter circuit. For the voltages at PCC;, Equation (19) could be obtained as:

Vg1 = Vg + D00y = 0y + AU = Ue + Avc (19)

where Av,, Av, and Av, are the output voltages of auxiliary modules in phases A, B and C,
respectively.
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Accordingly, Equation (17) can be changed into Equation (20):

Py [ vy +Av; of 4 Avf

Qo vi +Av; —of — Avy

Po | _ | =75 — Avy  —v, — Ay, i; (20)
P, vy —Avy v, + Aoy iy

Qe2 —v, —Avy vy + Aoy

Qs2 | vy +Av; vy + Aoy

where AvT, Av[f are the positive-sequence dg axis components of Av,, Avy and Av; Av,,
Av, are the negative sequence dg axis components of Av,, Avy, and Av. after positive and
negative-sequence separation and Park transformation.

When the output of the auxiliary module is set to satisfy Equation (21):

27); =-v,
v = —0U,
q q (21)
+ _
Avd =0
Av; =0,

a new equation, Equation (22) can be obtained from Equation (20):

PO 'U;r ’0;
Qo of  —uf
PCZ 0 0 12_

= . . 22
Py 0 0 { i @)
QCZ 0 0
QsZ L 0 0 ]

It can be further simplified as Equation (23):

ot ot i+ p*
(e @

The coefficient matrix rank of Equation (23) is 2, the rank of the augmented matrix is 2.
The number of equations is equal to the number of variables, so that Equation (23) has a
unique solution. The corresponding current reference value can be solved as Equation (24):

-1
G5 T8 e
fq fq Y T Q

When it is needed to limit the current, the upper limit of the reference current can be

adjusted by changing the value of Av; and Av[f in Equation (21).
The overall control structure of the system is shown in Figure 4. After positive and
negative sequence separation module, positive-sequence components v, , v; and v,
negative-sequence components v, , v, and v, and zero-sequence components v, v and

vg are derived from PCC voltages v,, v, and v.. Following that, v:{ and v; are generated

from v;f, v;r, vj through abc/dg transformation. Then, the current reference values i;‘l and
iy are given from current reference generator module according to Equation (24). After
that, the current reference values i; and i; generate the PWM waves that control the main
circuit through the PI module as well as processing the decoupling components woL¢i4
and woL¢iy. The negative-sequence voltage components v, , v,’, v, and the zero-sequence
voltage components 00, Ug, 0¥ are added and then create reference values Av};, Avj, Avf of

the auxiliary module output voltage by multiplying by minus one. The three reference
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values Av;, Av; and Avf, respectively, generate PWM waves for three auxiliary module
circuits through the PR controller.

YVvy
abc
Poe
ol
V4 iy gg z R
U, CARUARCA current e PWM {0 main cireuit
—> > a reference | ;* v >
. . i, enerator
v, Positive/Negative Vo Uy 5V, - generator '—>®—>——>®—> 8
—> sequence - vy
, separation
> Av, to auxiliary module a
v'i »() PR —>| PWM generator Ty >
-1 Av, Y < > PR PWHM sencrator to auxiliary module b
Av, O
: > to auxiliary module ¢
29,00,0° > PWM éenerator wdiary =
Av,| Av,| Av,

Figure 4. Overall control structure diagram.

The Decoupled Double Synchronous Reference Frame Phase-Locked Loop (DDSRF-
PLL), which has better performance under unbalanced voltage, is adopted to achieve phase
detection [21]. The structure of DDSRF-PLL is shown in Figure 5. After positive and
negative sequence abc/dq transformation, v;, v;, v, and v, are derived from the grid
voltage v,, v, and v,. Then, vd**, v;* are generated from vj, v;r after a decoupling network.
Similar to the phase detection principle of the Synchronous Reference Frame Phase-Locked
Loop (SRF-PLL) [21], the phase of the system @ could be obtained by making U;* approach
zero through the PI controller. The detailed structure of decoupling network is expressed
asin [21].

) 0
— =
vg vl . vy
Ya) Uy Ve »| abc ’ » d* + ' » LPF ’ >
i Decoupling L]
ot network . U;* E;'
—~ dg' e » gt q" » LPF %——»
0 — —
a- q
L l
V7 T+ gt . 1)(;* vy
o abe LN S A » LPF >
-~ Decoupling . .
Vq network N U, Uq
N dg » q q » LPF >
9 L

Figure 5. The structure of DDSRF-PLL.

3.2. Advantages of Modified Topology

The voltage and current vector trajectories of the traditional topology and the modified
topology are shown in Figure 6 [9], respectively. When single-phase voltage fault occurs,
the trajectory of voltage vector will be distorted. When the voltage vector trajectory shows
a spindle-shaped variation, as the trajectory of Uy, in Figure 6, in order to keep the output
power constant, the trajectory of the current amplitude becomes an ellipse, as the trajectory
of I, in Figure 6. Where, 1,4 is the maximum value of the allowable current amplitude
of the system. It can be seen that the amplitude of I;;; has exceeded the value of I,y near
the long axis of the actual current track, as shown in the shaded area, which may give
rise to over-current fault. When the auxiliary modules are inserted into the system, the
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unbalanced voltage is corrected to a standard circle, as the trajectory of U,,,; in Figure 6,
and the corresponding current amplitude trajectory is also a standard circle, as the trajectory
of I,,,4 in Figure 6. Since the amplitude of U,,,; can be adjusted by changing the value of
Av;lIr and Av;, so that the radius of the trajectory of U,,,; can be ensured not to be too small,
then the corresponding trajectory of I,,,,; can be guaranteed to be included in the circular
trajectory of Iy, so as to avoid the risk of overcurrent fault.

- mod

Over
current area

Imax

Imod

Itra

Figure 6. Change of voltage and current amplitude trajectories of the traditional and the modified
topologies.
3.3. Capacity Design of Auxiliary Modules

Supposing that the fault occurs in phase B, and the voltage amplitude of phase B
is B times of its original normal value, then the vector format of three-phase voltage is
described as Equation (25):

Vo=VZp V,=pVL(ip—120°) V.= V.L(p+120°) (25)

The positive, negative and zero-sequence voltage components of phase A are obtained
as Equation (26), [21].

Vo) (1 h [V v/
Vay | =3[ 1 W b || V| = | HEvi(e—60) (26)
Vﬂ(O) 1 1 1 VC FTﬁVZ(q) + 600)

where /3 /3
120° 1 3 240° 1 3
o200 _ L sVOyo  page L VS
h=e 5 +7j 5 h*=e 515
The positive, negative and zero-sequence voltage components of phase B and phase C
are obtained as Equations (27) and (28):

V1) 2PV /(p—120°)
Vi) | = | FEVZ(p+60°) (27)
Vo) Ly /(g +60°)
Vo) ?TﬁVZ(go +120°)
Vio) | = | BEv(p+180°) |. (28)
Ve() v/ (¢ +60°)

In the modified topology, the average powers of the three auxiliary modules are shown
in Equation (29):

P _ 1gﬁwpb:_%mg:¥w. (29)
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When 3 changes between [0, 1], the power curve of the auxiliary module is shown
in Figure 7. Auxiliary module of the fault phase-phase B essentially injects power into
the circuit. When the output power of the grid-connected inverter is used as the power
base value, which is Py, = (3/2)V 1, the maximum value of the injected power is 0.22 p.u.
(B = 0). Phases A and C are non-fault phases. Their auxiliary modules absorb power
from the circuit, and the maximum absorbed power is 0.11 p.u. (B = 0). Therefore, for the
single-phase voltage fault, the power capacity of the auxiliary module designed above
0.22 p.u. can meet the requirements no matter what the drop depth is and no matter which
phase the fault occurs in.

A
Paverage(p-U.)
0.4

0.3 Average power of phase
B auxiliary module

0.2 Average power of phase

A&C auxiliary module
0.1

0 0.2 0.4 0.6 0.8 1.0
Voltage sag degree B

Figure 7. Output power of the auxiliary module.

According to the clearing time of inverters under voltage faults shown in Figure 8, in
case of voltage drop, the grid-connected inverter only needs to maintain the connection
time of 2 s at most. Therefore, the energy needed to be absorbed or released by the auxiliary
module will not be too large, and the operation of the inverter during the LVRT period will
not cause damage to the energy storage devices in the auxiliary module.

clearing time(s) Normal voltage zone

|
Abnormal voltage Abnormal
5 Z(\){i voltage zone

0 0.5 0.88 11 1.2
Voltage(p.u.)

0.16

Figure 8. Clearing time of inverters under different voltage faults.

3.4. Stability Analysis of the Modified Topology

Since the parameters of the three branches of the inverter are identical, according
to [7,22], the whole system can be simplified shown in Figure 9.

In Figure 9, v* is the output voltage reference of the auxiliary module, G,44(s) is the
transfer function of the auxiliary module voltage in open mode. L4, C,34 and R4 are in-
ductance, capacitor and resistor of the auxiliary module, respectively. G; ,,(s) denotes the
current reference to output transfer function of grid-connected inverter, Y,; ,,(s) represents
the equivalent output admittance of the system, iy, (s) and igu (s) are the reference current
and output current of system, respectively, and their detailed form are expressed as [22].

When we adopt the parameters in Tables 3-5, the pole-zero maps of the current
closed transfer functions for the traditional topology and the modified topology are shown
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in Figure 10, respectively. In Figure 10, p; and p, are the dominant closed-loop poles
of the current transfer function for the traditional topology and the modified topology,
respectively. Although p; is closer to the imaginary axis than p1, they are still very close to
each other and far away from the imaginary axis. Therefore, compared with the traditional
topology, the output stability of the modified topology is reduced, but all poles of the
modified topology system are still in the left half plane and the whole system is still stable.

Tym (s) R Coia

=]

Lo v gzg (3)
YN Q_,/

Gein ign D) []Yuim

Figure 9. Equivalent structure diagram of the modified topology.
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Figure 10. Pole-zero maps of current closed transfer functions for the traditional topology and the
modified topology.

Table 3. Operating parameters of main circuit used in experiments.

Symbol Parameter Value (p.u.)
Vi Amplitude value of A-phase voltage 50V (1pu)
Vy Amplitude value of B-phase voltage 25V (0.5p.u.)
Ve Amplitude value of C-phase voltage 50V (1pu)
Py Output power 106 W (1 p.u.)
fo Fundamental frequency 50 Hz

fow Operating frequency 10 kHz
Ly Output inductor 0.044 p.u.
Ve DC voltage 120V
ky Proportional coefficient 2.0
k; Integral coefficient 2.0
Table 4. Operating parameters of auxiliary module used in experiments.

Symbol Parameter Value
Vadd DC voltage of auxiliary module 36V
Sodd Switching frequency of auxiliary module 10 kHz
Cadd Filter capacitor of auxiliary module 15 uF
Ludd Filter inductor of auxiliary module 800 uH
Ruaa Damping resistance of auxiliary module 2.00

ky Proportional coefficient 0.01
ky Resonant coefficient 4.0
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Table 5. Parameters of auxiliary module used in simulations.

Symbol Parameter Value
Vdd DC voltage of auxiliary module 150 V
Jadd Switching frequency of auxiliary module 10 kHz
Coiad Filter capacitor of auxiliary module 15 uF
Laad Filter inductor of auxiliary module 800 uH
Ruad Damping resistance of auxiliary module 200

ky Proportional coefficient 0.02
ky Resonant coefficient 16.91

4. Simulation Results

With the detailed discussion of the modified topology, the MATLAB/Simulink was
performed to achieve the verification. In the simulation, the fault type is that the voltage of
phase B drops to 0.5 p.u. The parameters of other main circuits are shown in Table 2, and
the parameters of the auxiliary modules are shown in Table 5. The results of the traditional
topology and the modified topology are shown in Figures 11 and 12, respectively.

Comparing the results in Figures 11 and 12, when the modified topology is adopted,
the unbalanced voltage at PCC; can be corrected, and the inverter output current keeps
being balanced. The oscillation value of the output active power is reduced from 0.49 to
0.17 p.u., and the output reactive power oscillation value is reduced from 0.46 to 0.15 p.u.
The oscillation value of active power for the modified topology is 33.88% of that of the
traditional topology and the reactive power oscillation value is reduced to 32.17% of the
value of traditional topology. The simulation results show that the modified topology can
correct the unbalanced voltage at the output of the inverter and reduce the oscillation of
the output active power and reactive power.

vb 05 V=10
® 1r 1
R />,
w%%%% "
O
[a 8 —l 4
27 |b_12 1
5~
‘53 0 :: x j( >: :( (b)
5 -1
O
-2t
15[  P(0.5p.u/div) | 0.49 ]
\ —_ L2
g . r
2305 Q(0.5p.u./div) 1 (©
22 )
50
o
05| | | | |
075 077 079 08L 083 085

Time(s)

Figure 11. Simulation results of the traditional topology, when V}, drops to 0.5 p.u. (a) Output voltage
at PCCy; (b) output current; (c) output active power and reactive power.
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Figure 12. Simulation results of the modified topology, when V}, drops to 0.5 p.u. (a) Output voltage
at PCCy; (b) output current; (c) output active power and reactive power.

5. Experimental Results

In order to confirm the simulation results, the three-phase converter was verified by
downscaling the levels of voltage and power. The overall configuration of the experimental
setup is shown in Figure 13. The core control algorithm is implemented on TMS320F28335,
while the intelligent power module (IPM) is PM150RLA120. IT6516C DC source is used to
generate DC voltage and Chroma 61702 AC source is implemented to generate AC voltage
to simulate grid voltage. The auxiliary module consists of three identical single-phase
inverters, all of which adopt the filter composed of Lyj4, Rygq and Cpgg. Ly is the filter
inductance of grid-connected inverter output circuit. In the experiment, the fault type is
that the voltage of phase B drops to 0.5 p.u. The parameters of other main circuits are
shown in Table 3, and the parameters of auxiliary modules are shown in Table 4. The
experimental results of the traditional topology and the modified topology are shown in
Figures 14 and 15, respectively.

Traditional topology (No auxiliary modules)

______ SN
15— e
- e EEEEEEES
nuumiummﬁ I U T
DC Source IPM Ly i AC Source
s % (Grid Simulator)
\ T ,
Auxiliary
Modules

P

Modified topology (With auxiliary modules)

Figure 13. Configuration of the experimental setup.
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Figure 14. Experimental results of the traditional topology, when V}, drops to 0.5 p.u. (a) Output voltage at PCC;y; (b) output
current; (¢) output active power and reactive power.
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Figure 15. Experimental results of the modified topology, when V, drops to 0.5 p.u. (a) Output voltage at PCCy; (b) output

current; (c) output active power and reactive power.

Comparing the results of the traditional topology and the modified topology in
Figures 14 and 15, the unbalanced voltage at PCC; can be corrected under the modified
topology, and the inverter output current keeps balanced. The oscillation value of the out-
put active power is reduced from 43.35 to 13 W, and the output reactive power oscillation
value is reduced from 55.06 to 15.08 var. The oscillation value of active power in the modi-
fied topology is 29.99% of that in traditional topology and the reactive power oscillation
value is reduced to 27.39% of the value of the traditional topology. The experimental results
show that the modified topology can correct the unbalanced voltage at the output of the
inverter and reduce the oscillation of the output active power and reactive power.

6. Conclusions

The grid-connected inverter with modified topology could compensate the negative-
sequence and the zero-sequence components of the output voltage, so that the reference
current equation of the inverter meets the solvability condition, thus eliminating the output
power oscillation while the output current waveform still meets the requirements of grid
codes. The simulation and experimental results show that the modified topology can
effectively correct the unbalanced voltage and reduce the output active power oscillation
and reactive power oscillation.

When the grid voltage is balanced, grid voltage does not contain negative-sequence
components and zero-sequence components. Therefore, the output voltage reference value
of the auxiliary module is zero at this time, and the auxiliary module will not output
voltage, nor will it absorb power from the circuit or inject power to circuit. The auxiliary
module is always connected to the circuit regardless of the unbalanced grid voltage fault
or normal grid voltage, but when the grid voltage is balanced, the auxiliary module will
not play a role.
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The auxiliary voltage source can be a DC voltage source, a large capacitor, a super
capacitor, or other energy storage units. This article aims to illustrate the function of
the auxiliary module, so in the experiment, only the DC voltage source is used. In the
future, the methods of using large capacitors or other energy storage structures to replace
the additional DC power source in the auxiliary module and also designing the effective
charging and discharging topologies of auxiliary modules as well as reducing the cost of
hardware will be explored.
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